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Allophycocyanin is a biliprotein located in the core of the phycobilisome. The biliprotein is isolated and purified as a trimer (a3h3), where
a monomer is an ah structure. Each a and h subunit has a single noncyclic tetrapyrrole chromophore, called phycocyanobilin. The trimer of
allophycocyanin has an unusual absorption maximum at 650 nm with a shoulder at 620 nm, while the monomer has an absorption maximum
at 615 nm. Two explanations have been proposed for the 650-nm maximum. In one, this maximum is produced by the interaction of a
particular local protein environment for three of the chromophores, causing them to red shift, while the other three chromophores are at a
higher energy. Energy is transferred from the high- to the low-energy chromophores by Fo¨rster resonance energy transfer, the donor–acceptor
model. In the second proposal, there is strong exciton coupling between two chromophores of the trimer that closely approach across the
monomer–monomer interface. The strong interaction causes exciton splitting and a red shift in the absorption. There are three of these
strongly coupled chromophore pairs, and energy is transferred between the two-exciton states of a pair by internal conversion. A variety of
biophysical methods have been used to examine this question. Although evidence supporting both models has been produced, sophisticated
ultra fast fluorescence results from a plethora of approaches now firmly point to the latter strong coupling hypothesis as being more likely.
Between the different strongly coupled pairs, Fo¨rster resonance energy transfer should occur. For monomers of allophycocyanin, Fo¨rster
resonance energy transfer occurs between the two chromophores.
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Internal conversion; Photosynthesis1. Introduction
Gantt and colleagues isolated and began the study of the
structure and function of the phycobilisomes (e.g., Refs. [1–
9]). Phycobilisomes are found in cyanobacteria and red
algae, and they contain various photosynthetic light harvest-
ing proteins, the biliproteins (reviews: Refs. [10–12]). In
addition to the biliproteins, the phycobilisomes have various
linker proteins that, among their functions, help to assemble
the structure [13]. The two main structural features of the
phycobilisome are the core and the rods. The rods contain
phycocyanins, phycoerythrins, and linkers. These bilipro-
teins in the rods harvest photons, and the excitation energy
migrates through the rods and into the allophycocyanin in
the core. Allophycocyanin is the main core component and
has a and h subunits in a 1:1 molar ratio.0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2004.04.005
* Tel.: +1-518-474-3728; fax: +1-518-474-7882.
E-mail address: robert.maccoll@wadsworth.org (R. MacColl).There are three other core proteins with chromophores,
namely, LCM, h
16, and aB. The LCM and a
B biliproteins
receive energy from allophycocyanin, and from them energy
is transferred to chlorophyll in the thylakoid membrane.
These two biliproteins have emission maxima at about 680
nm, which allows them to transfer energy efficiently to
chlorophyll.
The structures of the cores have been studied extensively
(e.g., Refs. [13–31]); reviews should be consulted for more
detail and specific literature citations [10–12]. Hemidiscoi-
dal phycobilisomes are most common and certainly the most
carefully studied. The hemidiscoidal phycobilisomes of the
cyanobacteria and red algae have cores of three types:
bicylindrical, tricylindrical (Fig. 1), and pentacylindrical.
Considering the bicylindrical type, the two cylinders lie on
the thylakoid membrane surface. Each cylinder in the
bicylindrical type is a stack of four trimer or trimer-like
structures: (1) an allophycocyanin trimer, a3h3, (2) an
allophycocyanin trimer with an 8900 molecular mass col-
orless linker, (3) a2h2h
16LCM (named allophycocyanin I),
Fig. 1. Schematic representation of one type of phycobilisome. This
phycobilisome has a three-cylinder core, and each rod has four hexameric
disk-like structures, two of phycoerythrin (red) and two of phycocyanin
(blue). Two of the core cylinders lie on the thylakoid membrane, while the
third one does not. In this view, the cylinders are shown as circles. The rods
from various organisms are quite variable in composition with both the
number of disks and the phycocyanin-to-phycoerythrin ratio being
dependent on the type of organism and the growth environment.
Table 1
Type and number of chromophores on allophycocyanin and C-phycocyanin
Biliprotein Type of
chromophore
Number of
chromophores
on a subunit
Location of
chromophores
on cysteine
residue from
N-terminal
C-Phycocyanin Phycocyanobilina 1 on a, 2 on h a84, h84, h155
Allophycocyanin Phycocyanobilin 1 on a, 1 on h a84, h84
a Phycocyanobilin is a tetrapyrrole containing eight conjugated double
bonds [12]. This conjugation provides the basis for the visible absorption
spectrum. Various types of interactions then modulate this basic spectrum.
Fig. 2. Schematic representation loosely based on X-ray crystallographic
results for an allophycocyanin trimer. Blue dots represent the phycocya-
nobilin chromophores.
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mass (named allophycocyanin B). The additional cylinders
on the tricylindrical and pentacylindrical core types, which
do not lie on the thylakoid membrane, contain only allo-
phycocyanin trimers.
The LCM and a
B subunits each have a single chromophore
that is red shifted compared to the other cyanobacterial and
red algal biliproteins even after the molecules are purified.
The LCM subunit is the largest phycobilisome protein, and its
three size classes determine the type of the phycobilisome
core, 70,000 to 75,000, 92,000 to 99,000, and 115,000 to
128,000 molecular mass; these respectively correspond to
the bicylindrical, tricylindrical, or pentacylindrical types of
cores.
The other core biliprotein subunit, h16, is less red shifted
than aB and LCM, and its function is not well established. It
may be an intermediary in the transfer of energy from
allophycocyanin trimers to the LCM [32]. This proposal is
reasonable, since h16 and LCM occur in the same trimer and
are nearest neighbors [17].
When phycobilisomes are exposed to dilute buffers with
pH 6 to 7, the phycobilisomes dissociate into their compo-
nents, and individual biliproteins can be purified. Allophy-
cocyanin is purified as a trimer with each monomer being a
ah structure (for reviews on allophycocyanin structures,
see Refs. [10–12]). The primary structures of the subunits
have been obtained for allophycocyanins from a cyanobac-
terium (procaryote) and a red alga (eucaryote) [33,34].
Each subunit, a and h, has one phycocyanobilin chromo-
phore (Table 1). Biliprotein chromophores are covalently
attached to apoproteins through thioether bonds to cysteine
residues.
X-ray diffraction studies on crystals of allophycocyanin
trimers purified from a cyanobacterium show that the trimer
is a flattened ring or disk, having C3 symmetry (Fig. 2). Theapproximate diameter of a disk is 11 nm, and there is a
central channel of 3.5-nm diameter [35]. Both subunits of
allophycocyanin monomers show almost the identical struc-
tures, even though the subunit homology is only about 38%.
When Huber and colleagues determined the X-ray struc-
ture for a complex having a linker in the central cavity of a
trimer, they found that the linker was in contact with two of
the three-allophycocyanin h subunits, and it directly inter-
acted with the chromophores on these subunits. The linker
affects the spectra of these chromophores and brings the h
subunits closer together [36].
The X-ray crystal structure of allophycocyanin trimers
from a red alga has been obtained [37]. The distance
between the chromophore at 1a84 and the one at 2h84 is
2.1 nm.
Allophycocyanin trimers are dissociated into monomers
under a number of conditions [38–40]; particularly useful
are dissociation by slightly acid conditions [39] and
Fig. 3. Absorption spectrum of allophycocyanin trimers (solid line) and
monomers (dotted line). The trimer is in pH 6.0 sodium phosphate buffer at
0.10 ionic strength. The monomer is in pH 6.0 buffer plus 0.50 M NaSCN.
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NaSCN or NaClO4 [40]. Monomers can be fully reasso-
ciated back into trimers [39]. Of particular interest, the
absorption spectra of trimers and monomers were found to
be saliently different [39]. Monomers have an absorption
maximum at 615 nm, and trimers have a maximum at 650
nm, with a pronounced shoulder at about 620 nm (Fig. 3).
The occurrence of a central cavity or channel in disks of
certain cyanobacterial biliproteins was discovered by Berns
and Edwards [41] using electron microscopy.
The prime point in this review is to focus attention on
how the available data on allophycocyanin trimers and
monomers leads to an understanding of the energy migra-
tion processes that are occurring. The areas to be covered
are principally the topography of the protein and the
chromophores, especially from X-ray crystallography, and
the absorption, circular dichroism (CD) and femtosecond
time-resolved fluorescence studies on the chromophores of
protein monomers and dimers.Table 2
Center-to-center distances between chromophores for allophycocyanin
trimers obtained from X-ray crystallographic data
Chromophore paira Center-to-center separation
distance (nm)
1a84–2h84 2.07
1a84–1h84 4.96
1a84–2a84 6.82
1h84–2h84 3.54
1a84–3h84 5.58
a Each chromophore is named as follows: monomer-subunit-amino acid
position.2. Allophycocyanin trimers, the 650-nm absorption
maximum, and Fo¨rster resonance energy transfer
Allophycocyanin monomers, C-phycocyanin monomers,
and C-phycocyanin trimers have absorption maxima at
around 615 nm. C-Phycocyanin is a typical rod biliprotein
of the cyanobacteria and some red algae. Allophycocyanin
trimers have a red-shifted maximum at 650 nm, and a
shoulder near 620 nm. The 650-nm band is quite sharp
(Fig. 3). C-Phycocyanin and allophycocyanin have a non-
cyclic tetrapyrrole chromophore, named phycocyanobilin,
as their only chromophore type (Table 1). The cause of the
650-nm band is of interest.
Murakami et al. [42] proposed that the 650-nm allophy-
cocyanin trimer absorption band is produced by some of the
chromophores being in a different environment than those
having the 615-nm bands. If their particular local proteinenvironment produces certain chromophores with the 650-
nm maximum, then energy would be expected to be
transferred from the 620-nm band to the 650-nm band by
Fo¨rster resonance energy transfer.
Energy transfer in the weak-coupling limit occurs by a
donor molecule being excited and by rapid vibrational
relaxation going to the lowest vibrational level of its first
excited state. Depending on a number of factors—such as
spectral overlap between the emission spectrum of the donor
and the absorption spectrum of the acceptor, and the
distance and mutual orientation between donor and acceptor
molecules—radiationless energy transfer can then occur to
an acceptor molecule (Fo¨rster resonance energy transfer).
The acceptor is typically at a lower energy than the donor.
The spectra of the donor and acceptor molecules tend to be
largely unaffected by this process. The donor and acceptor
molecules, therefore, are considered as independent entities,
and the energy transfer is incoherent. Fo¨rster resonance
energy transfer occurs throughout photosynthesis and pro-
vides high efficiency over useful distances [43].
X-ray crystallography studies on allophycocyanin trimers
[35] show that pairs of chromophores across the monomer–
monomer interface (Fig. 2, Table 2) are 2.07 nm apart.
These closely approaching chromophores are 1a84 and
2h84 (and 2a84/3h84 and 3a84/1h84). This distance
establishes that chromophores on different monomers (1,2
or 2,3 or 3,1) and different subunits (a,h) are the chromo-
phores in closest apposition on the trimer. On the same
monomer, chromophores, e.g. 1a84 and 1h84, are much
further apart. Liu et al. [37] suggested that 2.1 nm was too
large a spacing for any dipole–dipole interaction other than
Fo¨rster resonance to occur.
It was noted [35] that X-ray crystallographic results
show the chromophore on the a subunit for allophyco-
cyanin trimers to have a different conformation than that
of the analogous chromophore on trimers of C-phycocy-
anin. The authors suggested the possibility that the local
protein environment gives rise to a conformation for these
chromophore that produces the 650-nm absorption band
found for allophycocyanin trimers (Fig. 3). The chromo-
phore on the other subunit would produce the 620-nm
band. The idea originally expressed by Murakami et al.
[42] that a conformational difference for certain allophy-
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absorbance accordingly received some validation. None-
theless, there is no direct evidence that this particular
difference in conformation causes the chromophore to
switch from 615 to 650 nm.
Femtosecond studies on allophycocyanin trimers by
Sharkov et al. [44,45] produced results that seemed to
support the idea that Fo¨rster resonance transfer is the sole
mechanism operating in this molecule. These scientists
found a very fast lifetime of 430–440 fs (0.43–0.44 ps)
for trimers, while allophycocyanin monomers lacked any
corresponding very fast lifetime. A transfer of energy from a
620-nm chromophore to a nearby 650-nm chromophore by
Fo¨rster resonance energy transfer was projected to occur to
produce this very fast lifetime. They named this mechanism
the donor– acceptor model. The 430–440-fs lifetime
seemed to the authors [44] to be too long for any dipole–
dipole interaction other than Fo¨rster resonance. They sug-
gested, however, that continued experimentation was need-
ed to answer remaining questions. This last observation was
proven valid as in the next section, other data will be
explored that indicate another mechanism for energy trans-
fer between the closely spaced chromophore pair, and
another cause for the 650-nm absorption band for allophy-
cocyanin trimers were more viable.3. Allophycocyanin trimers, the 650-nm maximum, and
the strong exciton coupling limit
For two chromophores when their dipole–dipole inter-
action approaches the strong coupling limit, there can be
splitting of the first excited state [46]. The two-exciton states
that are produced are delocalized over the entire molecular
complex. Internal conversion can occur between the upper
and lower exciton energy levels of the chromophore pair,
and the transfer is coherent.
The allophycocyanin trimers have a maximum at 650 nm
and another band at about 620 nm (Fig. 3). When dissoci-
ation to monomers occurs, the 650-nm band is lost and the
monomer has an absorption maximum at 615 nm [39]. To
explain this shift, it was proposed [39] that at the monomer–
monomer interfaces the chromophore on a h subunit of one
monomer closely approaches a chromophore on an a
subunit of an adjacent monomer. The 650-nm band forms
from exciton splitting and the 620-nm band is the higher
energy state of the split spectrum. The 650-nm band is quite
sharp, a characteristic of some exciton bands. There would
be three of these pairs. Energy transfer within a pair would
not occur by Fo¨rster resonance between independent chro-
mophores, but rather between exciton states by internal
conversion. Fo¨rster resonance coupling could occur between
different pairs. Of course, when the X-ray crystal structure
of allophycocyanin trimers was accomplished 15 years after
the introduction of the exciton splitting hypothesis, the idea
of closely spaced pairs of chromophores at the monomer–monomer interface was shown to be correct (Fig. 2), but is
the separation of 2.07 nm close enough for exciton splitting
to occur?
Circular dichroism (CD) spectroscopy is useful in the
detection of possible exciton coupled pairs of chromophores
[46]. When two chromophores interact in the strong cou-
pling limit, the resulting CD spectrum is split into high and
low energy bands. One of the CD bands will be negative
and the other positive, and the two CD bands will have
equal rotational strengths, a conservative spectrum.
The CD of allophycocyanin trimers did not show obvi-
ous proof of exciton splitting. However, the deconvolution
of the CD spectrum by Csatorday et al. [47] resulted in
component bands that were a combination of two positive
and two negative bands. This deconvolution resembled the
expected spectrum for exciton splitting caused by the
delocalization of excitation energy over pairs of chromo-
phores. A tentative suggestion was made that intermediate-
strength dipole–dipole interaction was responsible for the
complex CD spectrum of the trimers.
Fu¨glistaller et al. [48] and Holzwarth et al. [49] have
obtained CD spectra of allophycocyanin trimers containing
linker that somewhat resembled the spectra expected for
exciton splitting. Holzwarth et al. [49] discussed the possi-
bility that dipole–dipole interactions in the strong and weak
coupling limits could both be occurring for allophycocyanin
trimers.
Although the CD results for trimers may be consistent
with delocalization, it is possible that a conformational
change for one of the chromophore types in a trimer merely
mimics this effect.
The complexity of the trimer CD is observed from the
four observable features, two positive and two negative
bands (Fig. 4). One of the negative bands (Fig. 4, band
number 2) is barely discernible, due to the cancellation of
intensity caused by overlap with positive bands. The com-
plexity suggests that the chromophores are probably in
environments in which microheterogeneity is affecting the
CD spectra.
Bhalerao et al. [50] came to the opposite conclusion for
the possibility of strong exciton coupling in allophycocya-
nin trimers, from their analysis of the CD spectra for core
structures. They maintained that there was a lack of an
appropriate negative band, and that the CD spectra provid-
ed no support for strong exciton interaction in allophyco-
cyanin trimers. This work was accomplished using an
interesting cyanobacterial mutant that had no rods in its
phycobilisomes.
The kinetics of the conversion of allophycocyanin tri-
mers to monomers was investigated using both absorption
and light scattering observation methods [51]. A single
event was found by light scattering showing the molecular
mass change from trimers to monomers. Using absorption
at 650 nm for the detection method, two events were
observed. The faster absorption change at 650 nm had a
rate very similar to the light scattering results. If the 650-
Fig. 4. Circular dichroism spectrum of allophycocyanin trimers. Numbers
indicate the observable bands of which two are positive (1 and 3) and two
are negative (2 and 4). Wavelengths of the bands, and intensities at the
observed maxima are shown below the graph. The purified protein is in pH
6.0 sodium phosphate buffer at 0.10 ionic strength. The complexity of the
overall spectrum suggests that the local chromophore environments are
variable and are contributing to the spectral diversity of the different pairs.
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monomer–monomer interfaces, this kinetics result would
be anticipated, since the separation into monomers would
necessitate the immediate loss of absorption at 650 nm. If,
instead, there was no exciton splitting, the loss of 650-nm
absorption would result from a conformational change for
some of the chromophores that should occur more slowly
than the molecular mass change. These results provide
support for the hypothesis that exciton splitting causes
the 650-nm absorption band.
The slower change observed with 650-nm detection is
also of interest. This change is assigned to a conformational
change for certain chromophores that occur with newly
formed monomers, after they are dissociated from trimers
[51]. The slower event contributed much less to the change
in absorption than the faster one, and the separation of the
pair of strongly coupled chromophores was considered the
main contributor to the absorption at 650 nm.
In 1992, Beck and Sauer [52] and Xie et al. [53]
performed photophysical experiments on allophycocyanin
trimers. Femtosecond fluorescence depolarization studies
showed a wavelength dependence that was deemed incon-sistent with Fo¨rster resonance energy transfer [53]. Picosec-
ond spectroscopic methods also yielded data in disagreement
with the assumption that the a84 and h84 chromophores on
adjacent monomers are independent, as would be the case
if they interact by Fo¨rster resonance [52]. Their data was
better explained if exciton state were present from a closely
spaced pair of chromophores. Beck and Sauer [52] discuss
the possible importance of chromophore clustering and
strongly coupled chromophores in directing energy transfer
in photosynthesis.
Beck and colleagues [54–56] then published three
papers that cogently supported the existence of chromo-
phore dimers that interact with moderately strong dipole–
dipole interactions. These results [54–56] together with
those above [52,53] appear to erode the case for Fo¨rster
resonance being the sole source of energy transfers between
pairs of chromophores in allophycocyanin trimers.
Using two-color femtosecond pump-probe anisotropy
with allophycocyanin trimers, Beck’s laboratory obtained
an initial anisotropy of 0.58–0.70 [54]. In theory, Fo¨rster
resonance interactions would yield an initial anisotropy
with a 0.4 maximum. Coupled dimers can have an anisot-
ropy up to 0.7. In addition, the time constant obtained was
an ultra short 10–30 fs. These values were thought to be
much too short for Fo¨rster resonance energy transfer. The
10- to 30-fs anisotropy decay is probably that for a
radiationless transfer of population between chromophore
dimer exciton states.
Next, a series of experiments on allophycocyanin
trimers was carried out using femtosecond time-resolved
pump-probe spectroscopy [55]. The calculations that these
workers carried out supported the conclusion that the
absorption spectrum of allophycocyanin trimers (Fig. 3)
arises from transitions to the higher and lower energy
exciton states of strongly coupled chromophore pairs, and
not from excitation to the excited states of two independent
chromophores.
Stimulated photon-echo peak-shift spectroscopy reveals
on allophycocyanin trimers decay components of 56 and
220 fs that are assigned as arising from radiationless decay
between exciton states of chromophore pairs (for example,
1a84 and 2h84). These transfers are much faster than are
probable by Fo¨rster resonance energy transfer between
independent chromophores interacting in the weak-coupling
limit [56].
A variety of fluorescence measurements have been car-
ried out on single molecules of allophycocyanin trimers
[57]. Cross-linked allophycocyanin trimers were used in this
study to avoid trimer dissociation to monomers at low
concentrations. They found that exciton traps and photo-
bleaching of individual chromophores both occurred. The
exciton traps were probably radical cations, and they absorb,
but do not emit. The exciton traps almost completely quench
the emission within a strongly coupled chromophore pair.
Ying and Xie [57] propose, as we have already discussed,
that there are two distinct models to consider, in order to
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monomers assemble to trimers. They state that their experi-
ments lend support to the strongly coupled exciton-splitting
model. Their first argument is that they observed three-step
bleaching. Three-step bleaching may be an indicator of
segregation of the chromophores into three pairs with strong
coupling within each pair. Six-step bleaching, which they
did not observe, would have been expected for six indepen-
dent chromophores.
Second, when bleaching of either an a 84 or h84
chromophore occurs for the last pair, the emission is ob-
served to shift from a maximum at 660 nm to one at 640 nm.
The emission maximum of allophycocyanin monomers is
also 640 nm. The authors [57] point out that, if three of the
trimer chromophores had their absorption maxima shifted to
650 nm because of a change in local environment for those
chromophores, as designated by the donor–acceptor model,
the emission maximum would instead depend on whether an
a84 or h84 chromophore was bleached. Bleaching of one of
these chromophore types would yield a 640-nm maximum,
but bleaching of the other type would give a 660-nm
maximum.
They concluded [57] that their data support the presence
of three pairs of chromophores, with each pair having two
exciton states from strongly coupled chromophore pairs.
Between any two of these a84/h84 pairs, energy transfer
might occur by much weaker interactions. The formation of
the 650-nm band for trimers is by exciton splitting between
the two-chromophore types.
Other models on energy transfer for allophycocyanin
trimers have been reported [58]. Using a pump probe
transient absorption method for allophycocyanin trimers,
Shiu et al. [59] discussed their results in terms of fast
internal conversion.4. Allophycocyanin monomers and subunits
The analysis of energy transfer for allophycocyanin
monomers is quite focused, since there are only two
chromophores, as compared to the six on trimers. The X-
ray crystallographic analysis of allophycocyanin trimers
shows that in the monomeric units the chromophores on
the a and h subunits are 5 nm apart. This chromophore
separation is an excellent criterion for the possibility of
energy transfer between them by Fo¨rster resonance, but it
does assume that the dissociated monomers in solution
retain this amount of chromophore separation.
The monomeric units in the trimer structure (Fig. 2) are
very asymmetric. Through the use of biophysical methods,
the asymmetry of solution monomers can be determined. If
the asymmetry agrees with the crystallographic results,
some support would be obtained for the use of crystallo-
graphic data to calculate the properties of free monomer.
The methods used to study the monomers are not designed
to yield actual protein dimensions.Using a program called Sednterp, which was developed
by T. Laue and others, a prolate ellipsoid of revolution can
be calculated for monomers (MacColl, unpublished results).
The data used for these calculations include a monomer
molecular mass of 35,000, a partial specific volume of 0.738
ml/g, and a sedimentation coefficient (s20,W) of 2.70 S [39].
The frictional ratio of a protein, f/fo, is the ratio of the
frictional coefficient of a protein to that calculated for a
smooth sphere of the same composition. A typical globular
protein has a frictional ratio of about 1.2. For allophyco-
cyanin monomers, an f/fo of 1.38 was calculated. This ratio
suggests a nonspherical protein. The calculation was done
as follows:
f =fo ¼ smax=s20;W ¼ 3:73=2:70 ¼ 1:38;
where smax is the calculated maximum s-value that can be
obtained for a protein of a given mass and s20,W is the
experimental value.
A prolate ellipsoid of revolution is calculated, for an
allophycocyanin monomer, to have a ratio of the major (a)
to minor (b) axis of 4.76, assuming a hydration of 0.30 g
water/g protein. If the hydration was instead assumed to be
0.33 g/g, a/b becomes 4.59. These asymmetries suggest that
the monomer in solution has an ellipsoidal shape roughly
similar to that of the monomeric units found in the crystal
structure of the trimers. Note that this analysis neglects any
effect of surface roughness on the data.
Nonetheless, it would be useful if X-ray crystallographic
data were obtained on crystals prepared from solution
monomers. Not only would the actual solution monomer
chromophore-to-chromophore distance be of interest, but
also the comparisons of the conformations between trimer
and monomer chromophores would be important.
Likewise, the CD spectrum of monomers [47] shows
only positive bands. The monomer CD was deconvoluted
into two positive bands. This result gives no hint of any
interactions stronger than those necessary for Fo¨rster reso-
nance energy transfer. This is the expected result for
chromophores that are sufficiently far apart.
Beck and Sauer [52] performed one-color pump-probe
experiments on allophycocyanin monomers prepared in 1 M
NaSCN at pH 7.0. Two lifetimes were obtained, at 70 and at
1100 ps. The faster decay was considered to possibly be the
time for energy transfer between the a84 and h84 chromo-
phores. It was noted [52] that Cohen-Bazire et al. [60] have
obtained absorption spectra for the separated a and h
subunits of allophycocyanin. They found that the separated
subunits had very similar spectra with a having a 615-nm
maximum and h having a maximum at 610 nm and the
overall spectra of the two were very similar [60]. Since these
spectra are similar, energy transfer in monomers is expected
to be bidirectional and energy will not be directed to either
chromophore preferentially [52]. It was concluded by Beck
and Sauer [52] that the chromophores are likely to be
weakly coupled.
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monomers produced by the addition of 1.2 M KSCN. They
found a total lack of any kinetics faster than 1 ps, and they
concluded that their work was completely consistent with a
donor–acceptor model. A high anisotropy of 0.4 was
obtained. Time-resolved fluorescence spectroscopy on allo-
phycocyanin monomers yielded two lifetimes, one at 95 ps
and the other at 1700 ps. They viewed these results showing
a 95-ps lifetime as showing Fo¨rster resonance transfer of
energy [44].
Allophycocyanin has also been studied in terms of
assembly from the subunits (e.g., Refs. [60–67]). Foguel
and Weber [66], using high pressure and low temperatures
to study the assembly of trimers, found the assembly to be
driven by excess entropy.
In other experiments [67], we showed that the formation
of trimers occurs in high yields from monomers but in
substantially lower yields from subunits. Subunits, however,
were shown to quantitatively combine to form monomers in
0.5 M NaSCN. It was suggested that monomers are vital
intermediaries for efficient trimer assembly in vivo. Homo-
dimer formation was observed in some situations. Decon-
volutions of the CD spectrum for allophycocyanin trimers
were also carried out. The CD spectrum was deconvoluted
into six component bands. One of the successful deconvo-
lutions had three positive and three negative bands.5. Epilog
The applications of sophisticated spectroscopic methods
[52–57] demonstrate that strong exciton coupling does
occur in allophycocyanin trimers. The results of the various
femtosecond fluorescence experiments leave little doubt that
strong exciton coupling is a cogent contributor to the
process of energy migration through allophycocyanin
trimers. There are three pairs of chromophores, and within
each pair there is delocalization of excitation. The a84 and
h84 chromophores on adjacent monomers strongly interact
across the monomer–monomer interfaces, to produce the
650-nm absorption maximum and the 660-nm emission
maximum, and the ultrafast kinetics between exciton states.
Between any two of the three pairs, energy transfer may
occur by Fo¨rster resonance energy transfer. The exciton
spitting, which results in a red shift in the absorption, will be
a pivotal factor in how energy is then transferred out of the
allophycocyanin. In addition, it will be of interest to extend
this type of research to other biliproteins to determine in a
decisive manner whether strong coupling is an essential
element in their energy migration.
This type of energy migration for photosynthetic light-
harvesting proteins, involving the clustering of chlorophylls
and delocalization of excitation energy over the chromo-
phores in a cluster, was suggested early on by Sauer [68] in a
seminal contribution. Sauer then proposed that there might
be a rapid transition to the lowest energy state in the group ofexciton levels. Energy transfer between these clusters would
occur more slowly by very weak coupling, as in Fo¨rster
resonance energy transfer. For allophycocyanin trimers [39],
the clusters are the smallest possible, a pair.
For a particular biliprotein-phycocyanin 645, Jung et al.
[69] made an early and insightful suggestion of the possible
existence of a strongly coupled pair of chromophores.
The next phycobilisome energy transfer step is from
allophycocyanin trimers to the trimers that contain either
the aB or LCM subunits. Glazer and Bryant [21] discovered a
trimeric core complex having absorption maxima at 618 and
671 nm, and this complex contains the aB subunit. Zilinskas
et al. [70] have also studied the complex that has the aB
subunit and found that it has an absorption band at 679 nm.
They also studied a complex containing the LCM subunit
and found that it has an absorption band at 668 nm [70].
Lundell et al. [19] purified the LCM subunit and found that it
has an absorption maximum at 676 nm. These spectra point
to an important function for the strongly coupled chromo-
phores on the allophycocyanin trimers. The strong coupling
causes a red shift in the absorption to 650 nm and a red shift
in the emission to 660 nm. The 660-nm emission of the
allophycocyanin trimer, as compared to the 640-nm emis-
sion of the monomer, would have better spectral overlap
with the 671–679-nm absorption of the trimers containing
the aB or LCM subunit and, therefore, produce more efficient
energy transfer. A second benefit to the energy migration
process from exciton splitting on trimers of allophycocyanin
is that the ultrafast internal conversion between exciton
states could lessen the probability of back transfers, and
could produce a more directed transfer of energy toward the
aB or LCM subunit.
An intriguing report on aB has been given by Lundell
and Glazer [71]. They find that the aB subunit, when
purified from the allophycocyanin subunits after treatment
with 8 M urea and subsequently renatured, has a broad
absorption spectrum with a maximum at about 648 nm. This
maximum is significantly blue shifted from that found for
the intact trimer containing the aB subunit, which has a band
of 671 to 679 nm.
We suggest that there are two prominent possibilities for
explanations of the spectral differences between aB in a
trimer and purified aB. One, the purified aB subunit is still
at least partially denatured. Two, the aB subunit attains its
complete trimeric spectrum by engaging in strong coupling
with the chromophore on the allophycocyanin h subunit.
The full red shift for the trimer containing the aB subunit
would consist of two parts; one part provided by the aB
subunit itself, and the second part coming from another
strongly coupled chromophore pair. In support of this
possibility, the amino acid sequence of the aB subunit
[72] shows a significant homology with the a subunit of
allophycocyanin, and it might readily replace the allophy-
cocyanin a subunit in a similar type of strong coupling.
To test for this second type of strong coupling between
chromophore pairs, the core trimers containing the aB
R. MacColl / Biochimica et Biophysica Acta 1657 (2004) 73–8180subunit should be purified. Experiments could be performed
to explore this possibility; the methods could include X-ray
crystallography, femtosecond time-resolved spectroscopy,
and various biochemical and biophysical protocols. Meth-
ods to either purify the aB subunit without denaturing it or
to produce the aBh monomer might also be useful.References
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